Abstract
mixed gas feeds of CO 2 , N 2 and impurities (H 2 O, SO 2 and NO) are reported. In addition, the 23 impact of these impurities on the CTA membrane over 60 to 120 day periods is reported. This 24 information will assist in evaluating the potential for CTA membranes to be used in this 25 emerging industrial application. 
Membrane fabrication

28
The basic chemical structure of CTA is shown in Figure 1 . The CTA polymer utilised in the Dense membranes were fabricated using dicholoromethane (ChemSupply, Australia) as the 37 solvent. The solution (1 wt%) was filtered and cast into glass petri dishes that were kept 38 covered for 24 hours for solvent evaporation. The thickness of each membrane was measured 39 with a micrometer and found to be in the range of 60 to 80 µm.
A thin film CTA membrane was also fabricated by spin coating to measure the permeability 1 of SO 2 and NO [36, 37] . A 4 wt% CTA in dichloromethane solution was spin coated onto a 2 hydrophilic polytetrafluoroethylene (PTFE) membrane filter of 0.2 µm nominal pore size 3 (Omnipore TM , Merck Millipore, Australia). The spinning rate was set at 1500 rpm for 20 s 4 and the substrate was pre-wetted by deionised water to reduce the pore penetration of 5 polymer and solvent [37] . The thickness of the thin film composite CTA was measured by 
where m is the mass at time t , m o the initial mass, ∞ the mass at equilibrium and l the 28 thickness of the membrane. At least five membranes, from more than one fabrication batch,
29
were used to determine the diffusion coefficient using Equation 2.
30
The total water uptake was also obtained by determining the mass of the CTA membrane 31 when equilibrium sorption had been achieved. The membrane was removed from the 32 solutions at equilibrium and again wiped free of surface liquid before weighing the 33 equilibrium mass (m ∞ ). As the CTA membrane could be hydrolysed by the pH solutions [26] 34 causing the mass of polymer to change, the total uptake was calculated via Equation (3)
35
where the dried membrane mass (m ∞,dried ) was obtained by drying the wet membrane under 36 vacuum.
37
Water uptake (%) =
The impact of pH on gas separation performance was also determined by immersion of the for 5 minutes to remove the toxic gases before the chamber was opened and the membranes 10 removed for permeation testing.
11
Changes in membrane structure were determined using Fourier Transform Infrared and 7.5 and 10 bar transmembrane pressure difference as reported in our previous studies
19
[40]. These pressures are higher than that expected in a flue gas environment but were chosen 20 to ensure accuracy in the use of a CVVP approach. The membrane was installed into the 21 membrane cell and placed under vacuum overnight before the gas permeation measurement.
22
A constant pressure variable volume (CPVV) method was used to test gas permeability of and was fed directly to the concentration analyser.
31
The concentrations of SO 2 and NO in the sweep gas were measured through Fourier against SO 2 and NO gas mixtures at a range of pressures to generate the calibration curves 37 while the calibration curves for the GC were generated by calibration against four standard 38 compositions of CO 2 -N 2 gas mixtures.
39
The ratio of gas permeability of two gas species (i and j) is defined as the ideal gas selectivity The water uptake at pH 3 and pH 7 was comparable to that previously published [19] . After 4 an initial uptake over 2 hours, these values were stable over the experimental period ( Figure   5 2a). It should be noted that this uptake period of two hours would be reduced to few seconds 6 for a thinner active layer of say 50 nm, as would be used in an industrial application. The 7 diffusion coefficient determined for water in these membranes was calculated from Equation Conversely, the water uptake of the membrane at pH 13 increases dramatically over time.
14 This is consistent with the significant hydrolysis of CTA under alkali conditions [26, 44] . A 15 significant reduction in the membrane dry mass was also observed for this membrane ( Figure   16 2b), which reflects the dissolution of cellulosic polymers into the aqueous phase [45] .
17
In general, the permeability of CTA membrane was enhanced after exposure to pH 3 and 18 pH 7 solutions due to water-induced plasticisation, while the CO 2 /N 2 selectivity changed 19 little ( Figure 3 ). The changes were roughly 6 % greater at pH 3 than at pH 7, which could be 20 due to the stronger plasticisation impact of the hydronium ions in the acidic solution.
21
Cellulose acetate polymer chains are known to become more flexible in strongly polar 22 solvents [46] . Results in mixed gas conditions were comparable.
23
Membranes aged at pH 13, however, showed a significant and rapid decline in permeability,
24
which is attributed to the hydrolysis of the CTA membrane in alkaline solution. The 25 hydrolysis reactions converted the acetyl functional groups in the polymer matrix into 26 hydroxyl functional groups (see Figure S1 ) [26, 47] . This significantly reduced the fractional 27 free volume due to the strong intermolecular hydrogen bonding of these hydroxyl groups [26,
Remarkably, the mass loss due to hydrolysis of the CTA membrane at pH 13 occurred 30 continuously over 6 days (Figure 2 ), while the permeabilities of CO 2 and N 2 declined by 31 97% after just after few hours of immersion (Figure 3 ). This phenomenon suggests that the 32 hydrolysis of the CTA membrane occurred initially on the membrane surfaces, converting 33 these surfaces into impermeable regions. The solvated hydroxide ions then diffused through 34 these hydrophilic surface regions and continued to hydrolyse the bulk of the CTA matrix.
35
As the permeability CO 2 and N 2 for the pH 13 case rapidly approached the detection limits of 36 the gas permeation measurement methodologies, the CO 2 /N 2 selectivity could not be 37 determined with any precision and so is not reported in Figure 3c . The mixed gas permeability of CO 2 , N 2 and SO 2 through thin film composite CTA 2 membranes was studied at different feed pressures (Figure 4 ). The use of asymmetric 3 membranes here was necessary to ensure the permeability of SO 2 could be detected, given 4 the low partial pressure supplied.
5
For the temperature range 22 -50 o C, the permeabilities of N 2 , CO 2 and SO 2 were 6 independent of the feed gas pressure within error. Indeed, the permeabilities of N 2 and CO 2 7 at 35 o C are also identical within error to that measured at much higher pressures during pure 8 gas testing (Figure 3 ). It should be noted that while Figure 4b provides the N 2 permeability 9 in the CO 2 -N 2 mixture, the data for the N 2 -SO 2 mixture is highly comparable (Figure S1 ). At consistent with the plasticisation pressure having been exceeded at these pressures. The activation energy for permeation was determined at a total pressure differential of zero 25 pressure to avoid any impact of plasticisation (Table 1) . Increasing temperature enhances the 26 diffusion of penetrants through membrane (E D > 0) but diminishes the solubility of gas 27 species in polymer (∆H S < 0). The positive values of E P in this study showed that the 28 permeation of gas penetrants is diffusion controlled. The CTA membranes were aged separately in pure N 2 , 1000 ppm SO 2 and 979 ppm NO (988 10 ppm NO x ) to study the long term impact of these impurities on membrane performance. After Generally, the polymer chains of a glassy polymer are in a non-equilibrium state when a 21 membrane is formed and so membrane densification or aging will occur over time [36] . As 22 the excess free volume of the membrane is reduced, gas permeability declines, as observed in 23 this study (Figure 6 ) [36, 48, 57] . The decline in permeability is less in helium than in 24 nitrogen, which is due to its smaller kinetic diameter [36, 48] . This results in an increasing
25
(He/N 2 ) selectivity as reported in Figure 6c .
26
This aging process was not affected by a partial pressure of 0.75 kPa SO 2 ( Figure 6 ). relative to alcohol groups (Table 2) for this membrane. The hydrogen bonding capacity of the 40 carboxyl functional group is stronger than that of a primary alcohol and this could enhance the polymer interchain interactions, increasing chain packing and reducing the transport of 1 gas penetrants. This work has shown that cellulose triacetate membranes are relatively stable when exposed 7 to liquid water at at pH 3 or pH 7, with a 30% increase in permeability and no loss of 8 selectivity after immersion for 6 days, after which the performance stabilised. Conversely, 9 caustic solutions (pH 13) hydrolysed and dissolved the membrane significantly over time.
10
The CTA membranes also showed stable performance upon exposure to 0.75kPa SO 2 for up 11 to 100 days, with the membranes aging at the same rate as when exposed to inert nitrogen.
12
Conversely, exposure of 0.74 kPa of NOx resulted in a significantly greater loss of 13 permeability. This loss in permeability was attributed to reaction of the alcohol moieties in 14 the cellulose acetate structure with trace quantities of NO 2 in the gas mixture. Activation energy for permeation in CTA membrane at zero pressure.
3 Table 2 4
The absorbance ratio between carbonyl functional groups and C -O functional groups in 5 fresh and aged membranes. 
